Background: KLF14 has elicited attention as a master regulator of lipid metabolism. Results: KLF14 regulates chromatin remodeling on sphingosine kinase 1 gene leading to its activation and sphingosine-1phosphate production. Conclusion: KLF14 acts as a transcriptional activator for the generation of lipid signaling molecules. Significance: This new knowledge extends the functions assigned to KLF14 and contributes to understanding its role in human diseases.
Sphingosine kinase 1 (SK1) is an FGF-inducible gene responsible for generation of sphingosine-1-phosphate, a critical lipid signaling molecule implicated in diverse endothelial cell functions.
In this study, we identified SK1 as a target of the canonical FGF2/FGF receptor 1 activation pathway in endothelial cells and sought to identify novel transcriptional pathways that mediate lipid signaling. Studies using the 1.9-kb SK1 promoter and deletion mutants revealed that basal and FGF2-stimulated promoter activity occurred through two GC-rich regions located within 633 bp of the transcription start site. Screening for GCrich binding transcription factors that could activate this site demonstrated that KLF14, a gene implicated in obesity and the metabolic syndrome, binds to this region. Congruently, overexpression of KLF14 increased basal and FGF2-stimulated SK1 promoter activity by 3-fold, and this effect was abrogated after mutation of the GC-rich sites. In addition, KLF14 siRNA transfection decreased SK1 mRNA and protein levels by 3-fold. Congruently, SK1 mRNA and protein levels were decreased in livers from KLF14 knock-out mice. Combined, luciferase, gel shift, and chromatin immunoprecipitation assays showed that KLF14 couples to p300 to increase the levels of histone marks associated with transcriptional activation (H4K8ac and H3K14ac), while decreasing repressive marks (H3K9me3 and H3K27me3). Collectively, the results demonstrate a novel mechanism whereby SK1 lipid signaling is regulated by epigenetic modifications conferred by KLF14 and p300. Thus, this is the first description of the activity and mechanisms underlying the function of KLF14 as an activator protein and novel regulator of lipid signaling.
Sphingosine kinase 1 (SK1), 3 a ubiquitously expressed enzyme expressed in different mammalian tissues including endothelia, is responsible for the generation of sphingosine-1phosphate (S1P), a lipid molecule that regulates cell growth, survival, differentiation, and motility (1) (2) (3) (4) (5) . SK1 also regulates production of ceramide and sphingosine, additional lipid signaling molecules that critically mediate endothelial cell (EC) biology (1, 6) . Although SK1 transcriptional activation may occur downstream from canonical receptor tyrosine kinases, the transcriptional and epigenetic mechanisms of SK1 regulation remain incompletely defined. We now provide evidence that KLF14 works downstream of the canonical fibroblast growth factor receptor (FGFR) tyrosine kinase pathway to transcriptionally activate SK1 expression with the consequent upregulation in S1P lipid signaling.
The evolutionarily conserved family of Kruppel-like factor (KLF) transcription factors is composed of 17 members that regulate the expression of genes required for the proper execution of important biological processes, including proliferation, apoptosis, differentiation, and development (7) . In addition, alterations in either the structure or function of several members of this family are associated with human diseases (8 -10) . Although some KLF genes are widely expressed, others show tissue-specific patterns of expression. Many organs and cells express a defined repertoire of KLF proteins, some of which engage in functional cooperation or antagonism dependent upon the context (7, 11, 12) . This context is created by several cytokines and growth factors that induce the expression of distinct KLF proteins, as well as post-translational modification, degradation, DNA binding, and coupling to chromatin (13) (14) (15) . Structurally, KLF proteins are characterized by the presence of their conserved DNA-binding domain, composed of three Cys 2 /His 2 zinc fingers similar to Sp1 at the C terminus. The C-terminal zinc fingers recognize and bind to the GT/GC-rich cis-regulatory sites found in gene promoters and enhancers. The members of the KLF family also have a nuclear localization signal sequence and transcriptional regulatory domain localized in their N-terminal portion. This N terminus is highly variable and confers functional specificity to KLF interactions with distinct nuclear proteins leading to gene activation, gene repression, or both. Thus, KLF transcription factors form a network of proteins that is significantly important for mediating disease phenotypes in many organisms ranging from flies to humans (7) .
We have previously reported the cloning and characterization of several KLF proteins, namely KLF10, KLF11, KLF13, KLF14, and KLF16, which together with KLF9 form a subfamily of proteins that regulate metabolic functions in humans. Notably, the Drosophila melanogaster ancestor for this protein, Cabut, also plays a conserved role in metabolic pathways. Moreover, select functions of some of these proteins (such as KLF11 and KLF14) can cause common human metabolic diseases, including neonatal and juvenile diabetes, as well as the obesity-insulin resistance-metabolic syndrome, which leads to adult type 2 diabetes (10, 16, 17) . Thus, because of their structural conservation and function, these six proteins have become to be known as the Cabut family of metabolic regulators (9, 18) . Consequently, we and others have recently focused on how these proteins regulate the expression of genes and gene networks involved in lipid metabolism and signaling. Thus, the current work aimed on defining a novel function for KLF14, involving transcriptional activation of SK1 induced by FGF2 to expand our understanding of its role in lipid biology.
Our results demonstrate, for the first time, that KLF14 is not only a regulator of lipid metabolism but also mediates lipid signaling. Furthermore, we show that KLF14 achieves this function by coupling to the p300 histone acetyl transferase to catalyze the deposition of acetylated marks on promoter-associated histones. Because previous characterization of KLF14 has only been related to its coupling to the Sin3a-HDAC complex to repress gene expression (13) , the recognition of its p300-dependent activating function extends the mechanistic understanding of this protein as a transcription factor. Similarly, the identification of its role in SK1-mediated signaling helps to better delineate how this protein contributes to lipid homeostasis. Thus, the new knowledge derived from this study is relevant to the field of transcription and chromatin-mediated regulation of lipid signaling and should be taken into consideration for better understanding of diseases that are caused by dysregulation of KLF14-mediated pathways.
EXPERIMENTAL PROCEDURES
Cell Culture-Human hepatic sinusoidal endothelial cells (HHSECs), human umbilical vein endothelial cells (HUVECs), and primary murine liver endothelial cells were grown with endothelial culture media with 10% serum and 1% endothelial growth supplement. Human HEK 293 cells were grown in Dulbecco's modified Eagle's medium with 10% serum. Primary liver endothelial cells were obtained from C57Bl/6J and Klf14 Ϫ/Ϫ mice as previously described (19) . Klf14 Ϫ/Ϫ mice were generated at the Mayo Transgenic and Gene Targeted Mouse Shared Resource facility using ES cells engineered by University of CA Davis Knock-out project to carry a 1035-bp deletion encompassing the complete, intronless, coding region of this gene. Recombined ES clones were used for the generation of chimaeras and then crossed to C57BL/6J mice. Heterozygous founders were used to generate Klf14 Ϫ/Ϫ animals. The genotype of the animals used to derive the Klf14 Ϫ/Ϫ endothelial liver cells was confirmed by PCR, using 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 60 s with the following primers for Klf14 or the Neomycin cassette: Klf14 forward, 5Ј-TCAACTAGCTGCTTCGAGCC-3Ј; Klf14 reverse, 5Ј-ACG-ACCTCGGTACTCGATCA-3Ј; NEO forward, 5Ј-TCATTCT-CAGTATTGTTTTGCC-3Ј; and NEO reverse, 5Ј-GAGTTCA-TCCCTTCTCAAAGG-3Ј. The presence of a 323-bp product was diagnostic for the presence of the Neomycin cassette and homozygous deletion of Klf14, whereas a 540-bp product indicated an intact Klf14 when run on 1.5% agarose gel (supplemental Fig. S1 ). All different cells lines used in this study were maintained at 37°C and 5% CO 2 .
RNA Isolation, cDNA Synthesis, and Quantitative Real Time PCR-Total RNA was extracted from cells and mouse tissue according to the manufacturer's instructions using an RNeasy kit (Qiagen), and 5 g was used for cDNA synthesis with oligo(dT) primer using SuperScript TM III first strand synthesis system for reverse transcription PCR (RT-PCR) (Invitrogen) per the manufacturer's protocol. Real time PCR was performed in a total 25-l volume reaction using Sybr Green Master Mix and the 7500 real time PCR system (both from Applied Biosystems), according to the manufacturer's instructions. RT-PCR analysis was performed with the following primer sets: human SK1 forward, 5Ј-AATTTCAAATATTGAACAGCTCGGAA-3Ј; human SK1 reverse, 5Ј-TTTATAATGTTTGACATGGTC-TCCTTT-3Ј; mouse SK1 forward, 5Ј-AATTTCAAATATTG-AACAGCTCGGAA-3Ј; and mouse SK1 reverse, 5Ј-TTTAT-AATGTTTGACATGGTCTCCTTT-3Ј. Amplification of human GAPDH and mouse ␤-actin was performed in the same reaction for respective samples as internal controls. Each experiment was done in triplicate.
Plasmid and Adenovirus Construction-The technique used to clone KLF2, KLF3, KLF4, KLF5, KLF6, KLF7, KLF10, KLF12, KLF14, KLF15, and KLF16 was previously described (13) . The KLF14 mutant defective in Sin3-histone deacetylase (HDAC) coupling has been previously characterized (20, 21) The human p300 and p300 dominant-negative (p300DN) construct was from Upstate Biotechnology, Inc. (Lake Placid, NY). For FGFR1 adenovirus constructs, FGFR1 cDNA was first subcloned into the TA vector as an intermediate step. NotI and SalI restriction enzyme digestion of FGFR1-TA was carried out and ligated with an AdEASY-FLAG shuttle. The AdEASY adenovirus generation was performed as described previously (22) . SK1 Activity Assay-HUVEC cells infected with FGFR1 adenovirus were stimulated for 6 h with 25 ng/ml of FGF2 or 0.1% BSA (control). Cells were lysed in an SK1 buffer, containing 20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.4 mM PMSF, 15 mM NaF, 1 mM Na 3 VO 4 , 1 mM ␤-mercaptoethanol, 40 mM ␤-glycerol phosphate, 50% glycerol, 0.5 mM deoxypyridoxine, and 0.1% Triton X-100. Briefly, 60 g of protein lysate was used for the enzymatic assay. The reaction (30 min at 37°C) was started with the addition of 5 mM sphingosine and [␥-32 P]ATP (5 Ci, 1 mM) in a final volume of 90 l. The reaction was terminated with 10 l of 1 N HCl and with 400 l of chloroform/methanol/ HCl (100:200:1, v/v/v). After vigorous vortexing, 120 l of chloroform and 120 l of 2 M KCl were added. After incubation (10 min at room temperature), the suspension was centrifuged at 1000 ϫ g for 10 min at room temperature. The organic phase was removed and dried in the hood overnight. The next day, the samples were resuspended in 40 l of chloroform/methanol/ HCl (100:200:1, v/v/v) and applied to a silica gel 60 TLC plate, which was developed in butanol/ethanol/acetic acid/water (80: 20:10:20, v/v/v/v). The spot corresponding to S1P was visualized by autoradiography and quantified by densitometer.
Sphingosine-1-Phosphate ELISA-Sphingosine-1-Phosphate ELISA (Echelon Biosciences Inc.) was performed using the same FGF2 treatment condition used for SK1 activity assay. S1P levels were also measured from isolated liver endothelial cells from wild-type (C57BL/6J) and Klf14 Ϫ/Ϫ mice. The ELISA was performed according to the manufacturer's instructions.
Transfection and siRNA-siRNA targeting human KLF4, KLF14, and a scrambled control were purchased from Qiagen. HUVEC, an endothelial cell line amenable to siRNA transfection, were seeded in 60-mm dishes and transfected with scrambled control and KLF14 siRNA using Oligofectamine (Invitrogen) per manufacturer's protocol. Transfected cells were incubated in medium containing 10% FBS for 72 h prior to experiments. Gene knockdown by siRNA was confirmed by PCR using specific primers. Adenoviral and plasmid transfection of cells was performed as described previously (22) .
Construction of Luciferase Reporter Vector-A 1.9-kb region upstream from the first exon of SK1 gene was amplified from human genomic DNA using PCR. The primers used for the amplification were designed with HindIII and NcoI sites (forward, 5Ј-AAGCTTTCGTTCCTGTTTCTCGGAGT-3Ј; and reverse, 5Ј-CCATGGTGCTGGGCACGAAGTTCTG-3Ј). The amplified product was transferred into HindIII and NcoI site of the pGL3 basic vector (Promega). This construct was named as full promoter or Ϫ1977-bp SK1 construct promoter (ϩ1 denotes the transcription initiation point of exon 1). The deletion mutants were designed using restriction enzymes. The full promoter was digested with HindIII ϩ PstI, HindIII ϩ PflMI, and HindIII ϩ BmgBI. The fragments were filled in using Klenow fragment and Pfu DNA polymerase and then ligated individually with T4 DNA ligation given origin to Ϫ1117-, Ϫ633-, and Ϫ390-bp SK1 promoter construct, respectively. Computer analyses of SK1 promoter indicated a SP1/KLF binding site located between Ϫ516/Ϫ528 bp of promoter. To introduce mutation to this site, a primer set (forward, 5Ј-GGGAGCGCGATTATTACCCAGGCCG-3Ј; and reverse, 5Ј-CGGCCTGGGTAATAATCGCGCTCCC-3Ј) was designed, and three PCRs were performed using the Ϫ1977 SK1-pGL3, Ϫ1117 SK1-pGL3, and Ϫ633 SK1-pGL3 as a template. All mutant constructs were confirmed by sequencing.
Transcriptional Reporter Assays-Because of the low transfection efficiency of HUVEC cells, HEK 293 cells were used for the transcriptional studies. The cells (1 ϫ 10 6 ) were transfected using Effectene transfection reagent (Qiagen) with 1 g of reporter plasmid containing various lengths of the 5Ј promoter region of the human SK1 gene, 0.5 g of FGFR1 plasmid, and, depending on the experiment, 3 g of other protein constructs. After 48 h of transfection, cells were stimulated for 6 h with FGF2 (25 ng/ml) and lysed, and then relative luciferase activity was measured using the luciferase assay system (Promega) and a Turner 20/20 luminometer. Each experiment was repeated at least three times. Total protein concentrations were measured and used for normalization in all experiments.
EMSAs-Gel shift assays were performed as described previously (23) . Briefly, a double-stranded DNA probe containing a SP1/KLF protein DNA-binding domain (5Ј-CCGGGAGC-GCGGGGCGGAGCCAGGCCGGCG-3Ј) and a doublestranded DNA probe containing a mutation in the same KLF protein DNA-binding domain (5Ј-CCGGGAGCGCAAAACA-AAGCCAGGCCGGCG-3Ј) were end-labeled with [␥-32 P]ATP using T4 polynucleotide kinase according to the manufacturer's protocol (Promega). A GST fusion protein carrying the zinc finger region of KLF14 was purified as described previously (13) . 8 g of purified GST or GST fusion recombinant KLF14 were incubated in a buffer containing 20 mm HEPES (pH 7.5), 50 mm KCl, 5 mm MgCl 2 , 10 m ZnCl 2 , 6% glycerol, 200 g/ml bovine serum albumin, and 50 g/ml poly(dI-dC)⅐poly(dI-dC) for 7 min at room temperature. End-labeled probes, excess of cold probes, or antibodies were added as indicated to each reaction and incubated at room temperature for an additional 20 min. Anti-GST antibody was added as indicated, and then samples were loaded onto a 4% nondenaturing polyacrylamide gel, run for 3 h at 200 V, vacuum-dried, and exposed to autoradiography film.
ChIP Assay-ChIP assays were performed with two different cells lines in different experiments. HUVEC cells infected with FGFR1 adenovirus were stimulated with FGF2 (25 ng/ml) for 4 h and then fixed with 1% formaldehyde. HEK 293 cells were transfected with KLF14 plasmid, and after 48 h the cells were fixed with 1% formaldehyde. ChIP assays were performed using EZ-Magna-ChIP kit (Millipore). The resulting nuclear extract was sonicated on wet ice and then immunoprecipitated with appropriate antibodies against His tag (for recombinant KLF14), p300 (Millipore), H3K4me3, H3K9me3, H4K8ac, H3K14ac, or H3K27me3 (Abcam). The following primer set targeting SK1 promoter was used for quantitative PCR: forward, 5Ј-TCTAGCCAGACGCCTAGGACGA-3Ј; and reverse, 5Ј-TCGCTCCCTCCGGCCTCAAA-3Ј. As sample reference, we utilized 1% of input for all ChIP performed, and to normalize the samples, we employed the following standard equation: 1% input ϭ 2ˆ[(mean Ct input Ϫ 6.64) Ϫ mean Ct ChIP] * 100. The results are shown as fold change (sample/control).
RESULTS

FGF2 Induces Both the Expression and Enzymatic Activity of SK1 in
Endothelial Cells-The present study was initially designed to uncover novel mechanisms underlying FGF2/ FGFR1-induced activation of EC. For this purpose, we treated HHSECs, which express high levels of FGFR1, with FGF2 (25 ng/ml) and performed pathway-specific microarray studies for angiogenesis and endothelial cell enriched genes (supplemental Fig. S2 ). These experiments revealed that FGF2 induced a 2.4fold (control, 0.96 Ϯ 0.1 versus FGF2, 2.45 Ϯ 0.2, p Ͻ 0.05) increase in expression of SK1, a signaling enzyme that catalyzes the phosphorylation of sphingosine to form S1P (24, 25) . We confirmed the increase in SK1 expression in HHSECs by quantitative PCR, which showed that FGF2 up-regulated SK1 mRNA levels by 2.6 Ϯ 0.3-fold (control, 1.1 Ϯ 0.25 versus FGF2, 2.7 Ϯ 0.3, p Ͻ 0.05) compared with vehicle control (Fig. 1A) . Similar results were obtained in HUVEC endothelial cells (control, 0.9 Ϯ 0.1 versus FGF2, 1.6 Ϯ 0.2; p Ͻ 0.05). To maximize this stimulation, HUVECs were transduced with FGFR1 expressing adenovirus. FGF2 treatment increased SK1 mRNA levels ( Fig. 1B , left panel) with a maximal stimulation peak of 2.6-fold at 4 h (control, 1.2 Ϯ 0.4 versus FGF2, 2.7 Ϯ 0.3; p Ͻ 0.05) ( Fig. 1B, right panel) . This result was further supported by the observation that FGF2 increases the levels of SK1 protein, which peaks at 4 and 6 h after treatment (Fig. 1C ). Subsequently, we investigated whether this response at the mRNA level corresponded to elevated SK1 enzymatic activity in whole lysate obtained from FGF2-stimulated HUVECs cells. As shown in Fig. 1D , exposure to FGF2 for 6 h resulted in a 60% (control, 0.97 Ϯ 0.3 versus FGF2, 1.6 Ϯ 0.15; p Ͻ 0.05) increase in SK1 activity. Furthermore, we utilized ELISA assays to determine whether FGF2 stimulation also enhanced the formation of S1P. Indeed, Fig. 1E shows that treatment of HUVEC cells with this growth factor increased the level of S1P by 3-fold (control, 1.1 Ϯ 0.15 versus FGF2, 2.9 Ϯ 0.22; p Ͻ 0.05). These studies reveal the existence of an FGF2-FGFR1-SK1 pathway, which regulates the formation of S1P in endothelial cells. These observations led us to execute transcriptional analyses of the SK1 promoter.
FGF2-mediated Induction of SK1 Gene Expression in Endothelial Cells Occurs via Distinct KLF Binding
Sites-To examine regulation of the SK1 gene, we initially performed luciferasebased reporter assays in HEK 293 cells using a construct containing a 1980-bp fragment amplified from the 5Ј-flanking region of SK1 gene (Ϫ1977 to ϩ3). From this experiment, we observed that the promoter activity given by this construct was ϳ13-fold higher than the control empty vector pGL3-Basic (EV) (EV, 1.8 Ϯ 0.5 versus 1980 construct, 24.9 Ϯ 3; p Ͻ 0.05) ( Fig. 2A ). FGF2 stimulation does not affect the reporter activity of the control EV vector. In contrast, activation of the FGF2 receptor by 25 ng/ml of FGF2 enhanced the 1980 construct activity by 2-fold (control, 24.9 Ϯ 3 versus FGF2, 49.7 Ϯ 6.7; p Ͻ 0.05). Therefore, we subsequently sought to map the promoter region required for supporting transcriptional activity using deletion mutagenesis of the 1980-bp promoter to generate three contiguous reporter constructs (Ϫ1117, Ϫ633, and Ϫ390). Fig. 2B shows that the highest promoter activity was obtained with the Ϫ633 deletion construct (Ϫ1977, 1.0 Ϯ 0.02 versus Ϫ633, 7.6 Ϯ 0.4; p Ͻ 0.05), which was drastically decreased when the promoter length was further reduced to nucleotide Ϫ390 (Ϫ633, 7.6 Ϯ 0.4 versus Ϫ390, 2.2 Ϯ 0.3; p Ͻ 0.05). Thus, together, these results demonstrate that whereas the region from Ϫ1977 to Ϫ633 is not critical for achieving maximal promoter activity, removal of sequences contained between nucleotides Ϫ633 to Ϫ390 compromises the function of this promoter. The effects of FGF2 stimulation on these constructs are shown in Fig. 2C . Examination of cis-regulatory sequences located in the latter construct revealed the presence of a distinct KLF consensus site located between nucleotides Ϫ528 and Ϫ516. Thus, to characterize whether this consensus site was responsible for promoter activity, we performed sitedirected mutagenesis to disrupt the putative KLF site located between nucleotides Ϫ528 through Ϫ516 upstream of the transcriptional initiation site. Similarly, we studied the effect of the same mutation in the context of the larger promoter fragments, including the Ϫ1117 construct (1117d), and the full promoter (1977d). The results of these experiments, shown in Fig. 2C , demonstrate that the disruption of this Ϫ528/Ϫ516 putative KLF site resulted in a prominent reduction of promoter activity in all constructs (Ϫ1117, 3.5 Ϯ 0.5 versus 1117d, 1.6 Ϯ 0.3; p Ͻ 0.05; and Ϫ633, 7.9 Ϯ 0.8 versus 633d, 1.4 Ϯ 0.5; p Ͻ 0.05), indicating that this region is important for the transcriptional regulation of SK1 under basal conditions. To extend our understanding of the regulation of this promoter, we also examined whether the Ϫ528/Ϫ516 putative KLF site participates in the FGF2-regulated transcriptional activation of SK1. As shown in Fig. 2C , mutation of this site significantly decreased the promoter activity induced by FGF2 (Ϫ633, 18.2 Ϯ 2.1 versus 633d, 1.4 Ϯ 0.33; p Ͻ 0.05). These data, therefore, reveal that disruption of the Ϫ528/Ϫ516 putative KLF site also compromises the transcriptional activation of SK1 in response to angiogenic growth factors. This information was both challenging and important because 17 different mammalian KLF proteins have the potential to bind and regulate a myriad of either GC-or GT-rich promoters. However, the defined characterization of the gene targets as well as the identity of the KLF members involved in this process remains to be fully understood. Consequently, we designed experiments that could identify which of the KLF family members are primarily responsible for this function.
KLF14 Potentiates FGF2 Induction of Endothelial SK1 Expression-To identify KLF proteins involved in the regulation of SK1 expression, we designed a multitier screening approach that began with executing expression studies aimed at ruling out the candidacy of members of this protein family that are not expressed in the cells used for these studies. Fig. 3A demonstrates that among all KLF proteins, KLF1, KLF8, KLF9, KLF11, and KLF13 are not expressed in HHSECs. In contrast, KLF2-7, KLF10, KLF12, KLF14, KLF15, and KLF16 are significantly expressed in this cell population. Thus, through this first step in our screening approach, we were able to eliminate five KLF proteins as candidates for the regulation of the SK1 Ϫ528/ Ϫ516 KLF site in this cell population. Notably, treatment of HHSEC with FGF2 for 4 h further increased the expression of KLF4, KLF5, KLF6, KLF10, KLF12, and KLF14 in HHSEC cells, thereby leading us to hypothesize that at least one of these factors is involved in modulating the basal and growth factor regulated activity of the SK1 promoter, a hypothesis that was tested in an unbiased manner by performing reporter experiments. For this purpose, these candidate KLFs, found in HHSECs, were cotransfected with the Ϫ633 SK1 promoter luciferase con- struct, and luciferase values were normalized to measurements from cells transfected with the empty vector control. As shown in Fig. 3B , we found that among the tested transcription factors, KLF2, KLF4, and KLF14 significantly increased the promoter activity of the Ϫ633 construct (pcDNA, 0.96 Ϯ 0.1; KLF2, 1.6 Ϯ 0.3; KLF4, 3.7 Ϯ 0.6; and KLF14, 4.4 Ϯ 0.8; p Ͻ 0.05). In addition, our experiments showed that treatment with FGF2 further increased promoter activity, with the most prominent activation achieved by KLF14 (pcDNA, 1.2 Ϯ 0.2 versus KLF14, 7.03 Ϯ 1.0; p Ͻ 0.05). Thus, the data suggest that KLF4 or KLF14 possibly regulates the SK1 expression.
KLF14 Is a Transcriptional Activator of SK1 Gene Expression in Endothelial Cells-To gain insight as to whether endogenous KLF4 or KLF14 regulates SK1 promoter activity in response to FGF2 treatment, we first utilized siRNA technology (Fig. 4A,  right panel) . We found that transfection of HUVEC, with KLF4 siRNA did not significantly reduce SK1 mRNA after FGF2 stimulation (control siRNA, 2.0 Ϯ 0.14 versus KLF4 siRNA, 1.49 Ϯ 0.3; not significant). On the other hand, KLF14 siRNA decreased basal SK1 mRNA levels (control siRNA, 1.2 Ϯ 0.03 versus KLF14 siRNA, 0.89 Ϯ 0.05; not significant), and more importantly, the reduction in SK1 expression was significantly greater after FGF2 stimulation (control siRNA, 2.0 Ϯ 0.14 versus KLF14 siRNA, 0.79 Ϯ 0.05; p Ͻ 0.05) (Fig. 4A, left panel) . Consistent with this result, KLF14 siRNA reduced the levels of SK1 protein after FGF2 stimulation (densitometry: control siRNA, 1.89 Ϯ 0.03 versus KLF14 siRNA, 0.65 Ϯ 0.04; p Ͻ 0.05) (Fig. 4B) . These results led us to evaluate KLF14 inactivation in mice by homologous recombination to study the regulation of SK1 by this transcription factor in vivo in endothelial cells. For this purpose, we generated the first KLF14 knockout (Klf14 Ϫ/Ϫ ) mouse (see "Experimental Procedures" and supplemental Fig. S1 ). Subsequently, we isolated primary liver ECs from both Klf14 Ϫ/Ϫ and WT littermate mice and measured the expression of SK1 by real time PCR. As shown in Fig. 4C , liver ECs from Klf14 Ϫ/Ϫ mice displayed reduced levels of SK1 mRNA when compared with wild-type animals. Similarly, the levels of SK1 protein were significantly reduced in Klf14 Ϫ/Ϫ liver EC lysates levels (Fig. 4D) . The reduction in both SK1 mRNA and protein levels correlated with a reduction in S1P levels, as measured by a specific ELISA assay (WT, 1.9 Ϯ 0.3 versus Klf14 Ϫ/Ϫ , 0.5 Ϯ 0.4; p Ͻ 0.05) (Fig. 4E) . Notably, whereas KLF14 has been recently described as a master regulator of fat metabolism (10) , its role in the synthesis of signaling lipid molecules, such as S1P remains unknown. Thus, because of the potential novelty and biological importance of characterizing the role of KLF14 in this process, we subsequently tested the hypothesis that this transcription factor functions as a regulator of the putative Ϫ528/Ϫ516 KLF binding site in the SK1 promoter. Hence, we evaluated the ability of KLF14 to bind to the where indicated, the cells were stimulated with FGF2 (25 ng/ml). Right panel, the knockdown efficiency of KLF4 and KLF14 was analyzed by quantitative PCR and conventional PCR. B, HUVEC cells infected with FGFR1 adenovirus were transfected with 100 M of scramble control siRNA, or KLF14 siRNA were used to measure the SK1 protein level. C, SK1 mRNA levels were measured from primary liver endothelial cells isolated from WT and KLF14 knock-out (Klf14 Ϫ/Ϫ ) mice. D, SK1 protein levels were measured from primary liver endothelial cells isolated from WT and KLF14 knock-out (Klf14 Ϫ/Ϫ ) mice. E, S1P ELISA was used to measure S1P levels from primary liver endothelial cells isolated from WT and KLF14 knock-out (Klf14 Ϫ/Ϫ ) mice. All experiments were performed in triplicate. Ctrl, control. *, p Ͻ 0.05. FIGURE 5. KLF14 binds to SK1 promoter. A, epitope-tagged KLF14 or tagged empty vector were transfected in HEK 293 cells. ChIP assay using FLAG antibody demonstrates that KLF14 binds to the SK1 promoter, whereas empty vector-transfected cells serve as control. B, EMSA was performed using KLF14 recombinant protein (lanes 3, 5, 6, 9, and 11) or control GST protein (lanes 2, 4, 8, and 10) with radiolabeled double-stranded probe with intact Ϫ516/Ϫ528 KLF binding site (lanes 1-6) or a probe with a mutation in the same KLF binding site (lanes 7-11) . Specific complexes between KLF14 and probe and the free probe are indicated by arrows on the left. A GST antibody shifted recombinant KLF14-SK1 probe complex (lane 6), indicating specificity. *, p Ͻ 0.05. SK1 promoter by ChIP. Fig. 5A shows that epitope-tagged KLF14 binds to the endogenous promoter region of SK1 in 239HEK cells. We complemented these studies with EMSAs using probes containing the Ϫ528/Ϫ516 KLF site of SK1 promoter or oligonucleotides carrying a mutation in this same region. As shown in Fig. 5B, KLF14 forms a complex with the WT but not the mutant Ϫ528/Ϫ516 probe, in a manner that supershifted with specific antibodies. Thus, together, the data generated from using cells with genetic inactivation of KLF14 by either siRNA or mouse knock-out, along with EMSA and promoter assays, demonstrate that this transcription factor is involved in the regulation of SK1 expression.
KLF14 Activates SK1 via a Coactivation Complex with the p300 Histone Acetyl Transferase-To extend our mechanistic understanding of how FGF2 regulates the transcription of SK1 through KLF14, we monitored the type of histone marks on the chromatin associated with the promoter of this gene after FGF2 treatment in HUVEC cells by ChIP assay followed by quantitative PCR. Fig. 6A shows that this treatment increased marks associated with significant transcriptional activation on the SK1 promoter, including trimethylation of histone 3 at lysine 4 (H3K4me3) (control, 1.02 Ϯ 0.05 versus FGF2, 1.72 Ϯ 0.15; p Ͻ 0.05), acetylation of histone 4 at lysine 8 (H4K8ac) (control, 1.03 Ϯ 0.05 versus FGF2, 1.52 Ϯ 0.15; p Ͻ 0.05) and acetylation of histone 3 at lysine 14 (H3K14ac) (control, 1.13 Ϯ 0.07 versus FGF2, 3.48 Ϯ 0.83; p Ͻ 0.05). In contrast, no significant changes were found in the levels of acetylation of histone 3 at lysine 9 (H3K9ac) (control, 0.96 Ϯ 0.05 versus FGF2, 1.08 Ϯ 0.1), acetylation of histone 3 at lysine 18 (H3K18ac) (control, 1.05 Ϯ 0.03 versus FGF2, 1.17 Ϯ 0.14), acetylation of histone 3 at lysine 12 (H4K12ac) (control, 0.98 Ϯ 0.03 versus FGF2, 1.55 Ϯ 0.20), and methylation of histone 3 at lysine 4 (H3K4me1) (control, 0.96 Ϯ 0.05 versus FGF2, 1.50 Ϯ 0.27) marks. However, both trimethylation of histone 3 at lysine 9 (H3K9me3) (control, 1.03 Ϯ 0.03 versus FGF2, 0.55 Ϯ 0.07; p Ͻ 0.05) and trimethylation of histone 3 at lysine 27 (H3K27me3) (control, 1.2 Ϯ 0.12 versus FGF2, 0.51 Ϯ 0.10; p Ͻ 0.05), which are marks of transcriptional repression, were significantly decreased in this region after FGF2 treatment. Notably, similar changes were observed in HEK 293 cells transfected with KLF14, but not with the empty vector control (Fig. 6B) . These changes included a significant increase in H3K4me3 (pcDNA, 0.99 Ϯ 0.05 versus KLF14, 1.59 Ϯ 0.15; p Ͻ 0.05), H4K8ac (pcDNA, 1.0 Ϯ 0.02 versus KLF14, 2.30 Ϯ 0.1; p Ͻ 0.05), and H3K14ac (pcDNA, 1.03 Ϯ 0.04 versus KLF14, 2.95 Ϯ 0.41; p Ͻ 0.05) with a concomitant decrease in the levels of H3K9me3 (pcDNA, 1.01 Ϯ 0.02 versus KLF14, 0.56 Ϯ 0.11; p Ͻ 0.05) and H3K27me3 (pcDNA, 1.06 Ϯ 0.03 versus KLF14, 0.41 Ϯ 0.03; p Ͻ 0.05).
To verify the effects of FGF2 on KLF14 deficient cells, HUVEC cells were transfected with either KLF14 or control siRNA and subsequently stimulated with FGF2 (Fig. 7) . The results of these experiments showed that KLF14 siRNA decreased the effects of FGF2 on gene activation histone marks, including H3K4me3 (control siRNA: control, 0.96 Ϯ 0.33 versus FGF2, 1.9 Ϯ 0.25; KLF14 siRNA: control, 1. These results were mechanistically informative, because they suggested that the chromatin modifying activity of p300, which has been previously shown to acetylate both H4K8ac and H3K14ac (26, 27) , might be involved in the KLF14-mediated transcriptional regulation of SK1. In support of this idea, ChIP assays demonstrated that p300 is recruited to the SK1 promoter region in KLF14-transfected cells (Fig. 8A) . Similar results were obtained in cells treated with FGF2 ( Fig. 8A) . Thus, to further evaluate the role of p300 in this phenomenon, we performed luciferase assays in cells transfected with a constant amount of KLF14 along with increasing concentrations of this histone acetyl transferase. The results of these experiments, shown in Fig. 8B , demonstrate that p300 increased the effect of transcriptional activation of SK1 by KLF14 in a dose-dependent manner. Consistent with these results, we found that a dominant-negative form of p300 (p300DN) decreased the KLF14-mediated activation of the SK1 promoter ( Fig. 8B ). Congruent with this result, the overexpression of KLF14 with p300 led to an increase of SK1 mRNA level that is abrogated with the overexpression of p300DN (Fig. 8C ). Lastly, using coimmunoprecipitation, we found that KLF14 binds the p300 coactivator complex (Fig. 8D ). Though unlikely, as a control, we evaluated whether, in the context of our experiments, the effects observed with KLF14 could also be influenced by the previously described interaction of this transcription factor with the transcriptional corepressor Sin3-HDAC complex. For this purpose, we utilized a well characterized KLF14 construct carrying a mutation on the Sin3-HDAC binding site. As expected, we observed no changes in SK1 activation upon overexpression of this KLF14 mutant versus the wild-type control construct. Also, no changes were observed when we overexpressed p300 with this construct (Fig.  8E) . Thus, we conclude that the contribution of the Sin3-HDAC complex is not relevant to the results observed with KLF14 in this study. Therefore, our overall results indicate that FGF2/FGFR1-mediated regulation of SK1 expression in endothelial cells involves a transcriptional activation pathway utilizing a novel KLF14-p300 complex (Fig. 9 ). Interestingly, despite the recently underscored biological importance of KLF14 in lipid metabolism, these results constitute the first description of a KLF14-mediated pathway involved in gene activation.
DISCUSSION
KLF14 has recently elicited significant attention since extensive genetic studies in humans identified a central role of this protein in the development of metabolic diseases, in particular those that regulate lipid metabolism. In fact, because of its contribution to metabolic diseases, KLF14 has been recently referred to as a "conductor of the metabolic syndrome orchestra" (28) . However, despite its importance, little is known about the mechanisms by which KLF14 regulates lipid biology at the molecular and cellular levels. The current study significantly advances this field of research by providing novel insights into the role of KLF14 in the transcriptional regulation of lipid signaling, as well as outlining a novel FGF2-FGFR1-KLF14-p300-SK1-S1P pathway. These findings are of relevance to the areas of KLF proteins, growth factor signaling, and lipid-mediated signaling in normal biology and have the potential to contribute to a better understanding of diseases that associate with alterations in KLF14.
The FGF family of ligands consists of 23 growth factors that control diverse cellular processes including proliferation, differentiation, and migration. FGFs induce their biological responses by binding to and activating a family of cell surface receptors with intrinsic tyrosine kinase activity called FGF receptors (FGFRs). The binding of FGF2 to its cognate receptor, FGFR1, leads to endothelial cell activation (29 -31) . Our present studies were initiated by a desire to explore FGF targets in EC and to interrogate how FGF induces these targets. Because of its biological and pathophysiological importance, one target that became the focus of this study was the FGF-induced production of S1P, a lipid signaling molecule involved in EC maintenance homeostasis as well as proliferation, differentiation, and migration (25, 32) . Thus, the present studies link FGF activation with EC lipid signaling through SK1 and S1P production. The additional link with KLF14 provides evidence that this metabolic master regulator acts not only in traditional metabolic epithelia, but in endothelial cells as well.
It is noteworthy that this report represents the first functional characterization of KLF14 as a novel FGF-inducible protein that mediates the up-regulation of SK1 leading to the pro-FIGURE 7. Effect of FGF2 in KLF14 knockdown cells. HUVEC cells infected with FGFR1 adenovirus were transfected with 100 M of scramble control siRNA or KLF14 siRNA. Where indicated, the cells were stimulated with FGF2 (25 ng/ml). ChIP assays for H3K4me3, H4K8ac, H3K14ac, H3K9me3, and H3K27me3 marks were performed. Stimulation of HUVEC with FGF2 in control siRNA cells leads to an increase in H3K4me3, H4K8ac, and H3K14ac and a decrease in H3K9me3 and H3K27me3 marks. These changes were not observed in KLF14 siRNA transfected cells. All experiments were performed in triplicate, and the samples were normalized to the respective inputs. *, p Ͻ 0.05. duction of S1P. In particular, because KLF14 was previously known only as a repressor protein, acting via Sin3a-HDAC (13), the data presented here unravel a novel function for this protein, namely its ability to activate a target promoter via coupling with the histone methyl transferase, p300. Previous promoter studies had revealed that cis-regulatory regions within the proximal rat and human SK1 promoter are critical for its activation (5, 33, 34) . Nakade et al. (33) have shown that PMA stimulation of a leukemia cell line leads to an increase in SK1 activity. They suggest that this activation is due to the binding of Sp1 protein and unknown proteins to CG-rich regions of human SK1 promoter. In searching for candidate proteins that can regulate GC-rich sites, we performed an unbiased screening for the FGF inducibility of each of 16 KLF transcription factors. We found evidence that KLF14 is up-regulated upon FGF2-mediated FGFR1 activation to induce SK1 gene expression, its corresponding protein level, the associated enzymatic activity, and the subsequent production of its downstream signal, S1P. When combined with deletion and site-directed mutagenesis, promoter reporter studies allowed us to identify a critical role for a Ϫ323 GC-rich, consensus KLF site in the activation of SK1. ChIP assays demonstrated that the KLF14-mediated induction of SK1 expression correlates with a reduction in repressive histone methylation marks and a concomitant increase activating histone acetylation marks. Additional work using overexpression of p300 or its dominant-negative form established that this protein could mediate these effects of KLF14. Combined, these results support the existence of a novel pathway whereby a KLF14/p300 complex can activate the SK1 gene in response to FGF stimulation.
KLF14 is suggested to be an ancient retransposed copy of KLF16 because of its homology to this KLF member (12) . Together, with KLF9, KLF10, KLF11, and KLF13, these proteins form a subfamily of transcription factors involved in the regulation of metabolism and metabolic diseases. Mechanistically, extensive work from our group and others has determined that these proteins couple to HDAC-containing chromatin remodeling complexes through preserved Sin3 interacting domains at their N termini (13) . Interestingly, in the current study, we demonstrate, for the first time, that KLF14 binds to the histone acetyl transferase, p300, which is important for the activation of SK1 gene. In this regard, KLF14 appears to work by coupling to both silencing and activating chromatinremodeling complexes in specific contexts. These mechanistic insights extend our understanding of how this important member of the KLF family works to regulate gene expression and metabolism. Furthermore, this is the first study to demonstrate that KLF14 participates in FGF-mediated signaling, which is FIGURE 8. Effects of the histone acetyltransferase, p300, in activation of the SK1 promoter. A, ChIP assay showing the recruitment of p300 to promoter region of SK1. The left panel shows an increase of p300 binding at the SK1 promoter of HUVEC cells after stimulation with FGF2. The right panel shows that in HEK 293 cells transfected with KLF14, p300 is recruited to the promoter region of SK1. B, luciferase assay performed with 633d SK1 construct. HEK 293 cells were transfected with the 633d promoter construct, KLF14 plasmid, and different concentrations of p300 plasmid or p300 dominant-negative (p300 DN) plasmid, as indicated. The presence of exogenous p300 increases the activation of SK1 promoter in a dose-dependent manner, whereas the transfection of p300 DN abrogates this activation. The relative luciferase activity of the 633d construct transfected with pcDNA empty vector was regarded as 1.0. Total protein concentrations were measured and used for normalization in the experiment. C, the overexpression of KLF14 wild type construct and KLF14 construct carrying mutation on the Sin3-HDAC binding site (KLF14-Sin3) increases the SK1 mRNA levels. The concomitant expression of different doses of p300 further increased these levels, whereas the overexpression of p300 DN abrogates this effect. D, HEK 293 cells were cotransfected with His tag-KLF14 or His tag-EV and p300. Immunoprecipitation was performed using anti-His tag-agarose beads, and Western blot using anti-p300 showed that KLF14 binds p300. E, no changes were observed in the SK1 promoter activity when KLF14 construct carrying mutation on the Sin3-HDAC binding site (KLF14-Sin3) was compared with KLF14 wild-type construct. All experiments were performed in triplicate. IB, immunoblot; IP, immunoprecipitation; NS, not significant. *, p Ͻ 0.05. important because previous reports had only associated KLF14-regulated pathways to TGF-␤ (13) . In fact, a recent study showed that TGF-␤1, acting in conjunction with progesterone, increased the proliferation of TM3 Leydig cells, implying that KLF14 may bind to and activate the endoglin promoter (35) . Therefore, the mechanistic information derived from the current study, which shows how KLF14 works as a transcriptional activator, may help to clarify its role in other growth factor-mediated cascades as well. In summary, the work reported here provides new insight on the biochemical and cell biological role of KLF14, which, as an important disease-causing gene in humans, thus bears both mechanistic and biomedical relevance.
